Due to the rising demands of fuels combined with efforts in reducing greenhouse gas emission, countries all over the world are looking for alternative clean energy sources such as biofuel. Ethiopia imports a huge amount of fuel each year and to supplement its energy needs efforts are underway for biofuel development. Despite this, comprehensive assessments of the suitable sites for biofuel feedstocks are lacking. This study is designed to map suitable sites for selected biodiesel feedstocks (Jatropha, Castor, Croton, and Cottonseed) and bioethanols (Cassava and Sweet Sorghum) and estimating the potential productions in Ethiopia. The spatial representations of the requirements (Soil, Elevation, Rainfall, and Temperature) of the feedstocks were created and processed to eventually map the suitable sites. About 16, 30, 28, 34%, 6, 83% of the country is highly suitable (HS) for Jatropha, Castor, Croton, Cassava, Cottonseed and Sweet Sorghum, respectively. The suitability assessments were also made by excluding environmentally sensitive lands (e.g marshy areas, parks, wildlife sanctuaries and forests) and areas that can compromise crop production (e,g, cultivated lands). Accordingly, 6, 9, 7, 10, 2 and 36% of the country remains HS, thus large scale biofuel production can be conducted without affecting food security and the environment in these areas. Hence, the country can produce up to 355.44 and 225.09 billion liters of biodiesel and bioethanol, respectively, returning up to 53 billions USD overall revenue.
INTRODUCTION
The negative externality and rising prices of fossil fuel have resulted in ever-increasing efforts to look for alternative energy sources, and the particularly due emphasis is given for biodiesel and bioethanol in order to contribute to solving economic, environmental and social problems (Nadew, 2014) . In addition to its ample water resource as energy sources, Ethiopia is viewed as one of the most suitable countries in Africa for tapping other renewable sources of energy including biodiesel and bioethanol because of its location and favorable climate condition (Zenebe et al., 2014) .
Ethiopian government developed Climate Resilient Green Economy (CRGE) Strategy in the year 2011 having the vision to achieve middle-income status by 2025 in a *Corresponding author. E-mail: tenever4@gmail.com.
Author agree that this article remain permanently open access under the terms of the Creative Commons Attribution License 4.0 International License sustainable way. The biofuels industry in Ethiopia can contribute a lot to ensuring rural food security by diversifying the livelihood source (Gebreebziabher et al., 2013) . Besides its economic benefit, biodiesel and bioethanol production has a great role in the reduction of GHGs and shifting towards clean energy. Among the four abatement potential of the transport sector, which are stated in CRGE strategy, one of the green growth initiatives is changing the fuel mix using a combination of adding biodiesel to the diesel mixture, increasing the amount of ethanol in the gasoline mixture, and promoting the adoption of hybrid and plug-in electric vehicles has a combined abatement potential of nearly 1.0 Mt CO2e (FDRE, 2011) . Biofuel could be mixed together into transport fuels, and replace some of the kerosene currently used for cooking predominantly in urban areas and for lighting in rural areas that lack electricity (Steve et al., 2011) .
Findings of Zenebe et al. (2014) revealed that bioethanol production in Ethiopia is quite viable whereas the viability and competitiveness of biodiesel production will largely depend on the cost and price of feedstock. The negative effect of biodiesel and bioethanol production might be high as biofuel production competes with the use of land for traditional crops (Tadele et al., 2013) . This, in turn, could affect the food security of the rural community. Allocation of land for biodiesel development should not affect the livelihoods of pastoralists in the lowland areas; and in the highlands, it should be coordinated with other farming activities without jeopardizing the farmers" food production needs. In addition, direct and/or indirect land-use changes that result from their cultivation can cause emissions due to carbon losses in soils and biomass and could reverse any eventual greenhouse gas (GHG) reduction benefit (Achten and Verchot, 2011) .
Little researches have been conducted regarding suitability analysis of biodiesel and bioethanol in Ethiopia. Even though those studies tried to map suitability of biofuel in Ethiopia, they lack the sustainable issue since the suitable lands may be laid on productive farmland, wetland or other sensitive areas. Habtamu (2014) , in the study suitability analysis for Jatropha curcas production using spatial modeling methods recognized that from the total land of the country 15.07% (166,082 km2), 76.57% (844,040 km2) and 8.36% (92,114 km2) of the land as highly suitable, moderately suitable and not suitable for Jatropha production, respectively. However, his study did not exclude the sensitive areas. Production of Jatropha even on highly suitable land could have a negative effect on food security as well as on the environment so that its production would not be sustained. The results of suitability analysis would be good when sensitive lands are excluded otherwise even those suitable areas would have negative externalities. Environmental effects of biofuel crop cultivation include reduced wetland areas and their functions, declining water quantity, declining Geremew et al. 149 water quality and increased risk of eutrophication and it ends up with biodiversity loss and ecosystem damage (Sven and Offermans, 2008) . The exact nature and magnitude of these effects depend on the biofuel crop characteristics and the agricultural practices applied. To this end, this research assessed sustainable biodiesel and bioethanol suitability in Ethiopia by taking into account sensitive lands that can affect food security and areas that require protection include croplands, forest lands, national parks and wildlife sanctuaries and water bodies.
Biofuel is a liquid fuel produced from biomass; it excludes treatments of solid biomass as a source of energy. The two most important biofuels are ethanol and biodiesel. Ethanol is manufactured from the microbial conversion of biomass materials through fermentation whereas, biodiesel is oil extracted from oil seeds by mechanical crushing or solvent extraction (MoME, 2007) .
General agronomic requirements of biofuel feedstocks

Biodiesels
Among the many species, which yield as a source of energy in the form of biodiesel, Jatropha (Jatropha curcas) has been identified as the most suitable oil seed bearing plant due to its various favorable attributes like hardy nature, short gestation period, adaptability in wide range agro-climatic conditions, high oil recovery and quality of oil, etc (Pranab, 2011) . Jatropha curcas grows in tropical and sub tropical regions and in lower altitudes of 0-500 meters above sea level. It can survive with as little as 250 to 300 mm of annual rainfall; at least 600 mm is needed to flower and fruit. The optimum rainfall for seed production is considered between 1000 and 1500 mm (FAO, 2010) . Optimum temperatures are between 20 C and 28˚C. The best soils for Jatropha are aerated sands and loams of at least 45 cm depth (Gour, 2006) . Another crop species for biodiesel production, Castor (Ricinus communis) is growing in different localities in Ethiopia and it is an indigenous plant. The suitable condition for castor crop growing zone is between 1600 and 2600 m.a.s.l and rainfall distribution between 600 and 700mm with warm and dry climatic condition. The yield is estimated between 260 and 1250 kgs per hectare (MoME, 2007) .
Cotton (Gossypium hirsutum and Gossypium herbaceum) is also considered in this study for the production of biodiesel and it can be grown in areas where mean annual rainfall ranges from 600 -1300 mm and temperature 20-30OC. It also grows well on elevation up to 1400 m a.s.l with black cotton soils (ICRAF, 2009 ). It requires a long, sunny growing season, is not frost tolerant, and prefers well-drained loose soils. Nowadays, cotton seed oil is mainly used in industries to produce soap and glycol lubricants besides being used as edible oil. Therefore, compared to soybean oil, palm oil, and colza oil, cottonseed oil is an appropriate raw material of biodiesel because of its advantages in origin and uses (Niu et al., 2010) . The biodiesel comes as a new source of remuneration for the cotton crop.
According to ICRAF (2009), croton (Codiaeum variegatum) is also used to extract biodiesel. It is cultivated in areas with mean annual rainfall of 800-1900 mm and mean temperature of 11-26oC. Altitude 1200-2450 and light deep and well-drained soils are very suitable for croton production.
Bioethanols
Cassava (Manihot esculenta Crantz) is a tropical root crop, requiring at least 8 months of warm weather to produce a crop. In drought prone areas it loses its leaves to conserve moisture, producing new leaves when rains resume. It takes 18 or more months to produce a crop under adverse conditions such as cool or dry weather. Cassava does not tolerate freezing conditions. It tolerates a wide range of soil pH 4.0 to 8.0 and is most productive in full sun (Legese and Gobeze, 2013) . In Ethiopia, cassava was introduced to drought prone areas of Southern part of the country such as Amaro, Gamogofa, Sidama, Wolaita, Gedeo and Konso primarily to fill food gap for subsistence farmers due to the failure of other crops as a result of drought. In these areas, farmers usually grow cassava in small irregular scattered plots either sole or intercropped mainly with taro, enset, maize, haricot bean and sweet potato (Eyasu, 1997) . Cassava finds the most favorable growing conditions in humidwarm climates at temperatures of between 25 -29°C and precipitations of between 1000 -1500 mm which ideally should be evenly distributed (Owwueme, 2014) . Cassava likes light, sandy loam soils with medium soil fertility and good drainage.
Sweet sorghum (Sorghum bicolor (L.) Moench) is an alternative energy crop supported by the European Commission under the 7th Framework Programme to exploit the advantages as a potential energy crop for bioethanol production. For developing countries, it provides opportunities for the simultaneous production of food and bioenergy, thereby contributing to improved food security as well as increased access to affordable and renewable energy sources (Khawaja, 2014) . Sweet sorghum needs moderate rainfall and an average temperature of 80 -90oF for grain production and maturity. It can be grown in a variety of soils heavy and light alluviums, red, gray, yellow loams and also sandy soils (Panhwar, 2005) .
METHODS
Description of the study area
Ethiopia is a tropical country located in the Eastern parts of Africa. It extends between 330E -480 E longitude and 30 N -150N latitude ( Figure 1 ) and has a total area of 112,867,369.97 Ha. The country is a home of about 104.4 million people [36] . Its landscape is dissected into two parts by the Great East African Rift. The landscape is characterised by undulating terrain and rugged topography and constitutes diverse agroecological zones supporting a variety of fauna and flora. Ethiopia"s climate is typically tropical in the south-eastern and north-eastern lowland regions, but much cooler in the large central highland regions of the country. Mean annual temperatures are around 15-20˚C in these high altitude regions, whilst 25-30˚C in the lowlands. Most parts of Ethiopia experience one main wet season (called "Kiremt") from mid-June to mid-September (up to 350mm per month in the wettest regions) when the ITCZ (Inter Tropical Convergence Zone) is at its northernmost position. Parts of northern and central Ethiopia also have a secondary wet season of sporadic, and considerably lesser, rainfall from February to May (called the "Belg"). The southern regions of Ethiopia experience two distinct wet seasons which occur as the ITCZ passes through this more southern position. The March to May"Belg" season is the main rainfall season yielding 100-200 mm per month, followed by a lesser rainfall season in October to December called "Bega" (around 100mm per month). The eastern most corner of Ethiopia receives very little rainfall at any time of year.
Customizing agronomic requirements of biofuel feedstocks
The suitability assessments made are made for selected biodiesel and bioethanol feedstocks. In the biodiesel category, the feedstocks include, Jatropha (Jatropha curcas), Castor (Ricinus communis), Cottonseed (Gossypium hirsutum and Gossypium herbaceum), Croton (Codiaeum variegatum) while the bioethanols include, Cassava (Manihot esculenta Crantz) and Sweet sorghum (Sorghum bicolor (L.) Moench).
The environmental requirements of these feedstocks for optimum growth are identified after thoroughly reviewing the literature (Table  1) . The requirements are related to soil, rainfall, temperature, elevation. Since the biofuel production areas should not affect food security by consuming the croplands, the land use /land cover conditions of the country were also considered in the suitability analysis. With respect to each of these environmental factors, the cutoff points for suitable and non-suitable values vary considerably from place to place. As a result of this, the cutoff points are determined by giving more weight to researchers" findings conducted in Ethiopian and the neighboring regions. Thus, all factors were classified as suitable and given a value of 1 and the non-suitable as 0. Table 1 indicates the customized crop requirements for each feedstock.
Despite this, we acknowledge the the subjectivity that might be introduced in setting the cutoff points.
Spatial data acquisition and representation of agronomic requirements
The data needed for representing agronomic requirements are collected from different sources. The data include rainfall, temperature, land use/land cover, soil, elevation, National Parks and Wildlife Sanctuaries (Table 2) .
Land cover/land use, national parks and wildlife sanctuaries
In line with the countries priority of food security and promoting climate resilient green economy (CRGE), biofuel productions should not compromise food security and protected lands. Such areas include croplands, forests, water bodies, marshy areas, national parks and wildlife sanctuaries and are categorized as sensitive lands.
The land cover map of the country is derived from mosaics of Landsat satellite images processed through supervised classification of the maximum likelihood classifier. The classification and mapping were conducted by the Ethiopian Mapping Agency. The croplands and forested areas acquired from the land cover map were considered in the suitability analysis to address food security and environmental protection.
These data were acquired from the Ethiopian National Parks Wildlife Authority in a polygon shape file format.
Rainfall and Temperature
These data were provided by the Ethiopian Ministry of Agriculture and it was the result of interpolation of the long-term rainfall and temperature records of the countries metrological stations. The data were available in vector data model form (polygon shapefile).
Elevation
The elevation data were acquired from the shuttle radar topographic mission (SRTM) and were available from the United States Geological Survey (USGS) website (https://www.usgs.gov). It provides Digital Elevation Model (DEM) at a spatial resolution of 30 m for free for any part of the world. The DEM Scenes covering the country were downloaded and mosaic to get the DEM representing the country.
Soil
The Food and Agriculture Organization (FAO) has mapped the major soils of the country but the methodology and the year of publication were not documented either in the metadata or elsewhere but the year of publication was estimated to be around 2007. The data had no soil texture information while the agronomic requirements are related to soil texture information. Hence the soil textures were inferred from the major soil types.
As the data were found from different sources, they had different coordinate systems, formats and sometimes different extents. All the data were preprocessed to overcome the anomalies through geometrical co-registration and format integration among themselves. For example, all the data were projected into WGS 1984 geographic coordinate system and co-registered to align points of the same location together. As raster data models are suitable for overlay operations, which is the GIS analysis used to evaluate the suitability in this study, vector data formats were converted into raster form.
GIS model and suitability analysis
Six separate GIS model for suitability mapping were developed for the six biofuel feedstocks considered. Each model constitutes data representing the agronomic requirements and procedures to bring all the requirements together through intersection overlay analysis (Figure 2) . The model is built in the model builder environment in ArcGIS10.2. The intersection overlay takes the following form. The suitability had five values of 4,3,2,1 and 0, which indicate the number of requirements met among all the factors considered. These values then classified into suitability classes as, 4=Highly Suitable, 3 = Moderately Suitable, 2 and 1= Marginally Suitable and 0=Not Suitable. The suitability analysis is conducted two times for each biofuel feedstocks, the first one is without excluding sensitive lands and the second one is by considering the sensitive lands as a constraint areas for biofuel production. This will create an insight into the decision and policy makers about the overall potential of the country for biofuel production and production without affecting food security and environmental production.
Despite this, biofuel production can also be conducted at small scale in general land uses classified as croplands by planting biofuels at the boundaries of the croplands as an agroforestry practice without affecting food production. In this case, it would have multiple benefits beyond biofuel production as it can serve as soil and water conservation, ameliorate the local climate and serve as boundary demarcation of fragmented farmlands common in the Ethiopian landscapes.
Once the suitability map is produced for each biofuel feedstock, the maps were validated visually by overlaying the location of existing plantations. This validation technique, however, limited to Jatropha as some of the plantation areas for this feedstock were known. The overall methodological workflow of the suitability mapping and analysis is summarized in Figure 3 .
RESULTS AND DISCUSSION
The biofuels suitability distribution varies spatially all over the country and there are also considerable variations across the biofuels feedstocks under consideration though some of them exhibit a similar pattern of distribution. For Jatropha, the western Benishangula and Amhara regional states, north and central Tigray, southern parts of southern nations and nationalities people (SNNP), the western and eastern escarpments of the rift valley region and eastward side of the southwestern highlands of the country are HS. The visual inspection of the actual Jatropha growing regions well fits with the suitability map produced for Jatropha. For example, there is a plantation of Jatropha along the western escarpments of the rift valley regions including such woredas as Kalu, Bati, Kobo, Guba lafto, Alamata and Chefie Golana. In the Northern and central Tigray region, Kola Temben and Abergele are some of the woredas growing Jatropha and are mapped as HS areas. The existing plantation areas for other biofuel feedstock, however, were unavailable to validate the suitability map with. However, the HS area for castor takes the similar pattern with that of Jatropha, except the HS area is stretched in all directions. Croton grows well in most central parts of the country, western Oromiya and the southeastern highlands of the country. Cassava and castor can grow well in similar environmental conditions. That is why both of these feedstocks have a similar spatial pattern of HS areas. The only difference is that the environmental requirements of cassava are met in more areas than castor in the country. Cottonseed grows in patchy areas in western Amhara and Tigray, Northern Somalia and North Western SNNP. Sweet sorghum grows in the highland and lowland areas of the country. Except eastern and southern Somalia, northeastern Afar and some parts of Oromiya and SNNP, it grows well in all parts of the country (Figure 4 a-f ).
Most of the sensitive lands such as croplands are dominating the central parts of the country and the remaining forests which are part of the sensitive lands are concentrated in the western and southwestern highlands of the country. In all the biofuel feedstocks considered, HS areas in these regions will become none suitable because of food security and environmental protection issues.
Among all the biofuels, most of the study area is Highly Suitable (HS) for sweet sorghum by covering about 93 m Ha. Cassava, castor, croton, Jatropha and Cottonseed being the other biofuels that most of the country is HS and constitutes about 38, 33, 31, 18, and 6 m Ha of the study area, respectively (Table 3) . As compared to other regional states, Oromiya is the region where the largest HS areas are available for all the biofuels under considerations. This is directly proportional to its areal coverage of the region.
The HS area left when sensitive lands are excluded from the biofuel assessment is considerably reduced. Only About 15,11,10,8,7 and 2 m Ha lands of the country is HS for sweet sorghum, castor, cassava, Jatropha, and cottonseed, respectively. Except Somali region where the largest HS area for sweet sorghum is available, for all other biofuels the largest HS area is found in Oromiya regional state (Table 4 ). The results of the suitability assessments are presented in Tables 3 and 5 and Figures  4 and 5. Ethiopia imports fuel on average at the expense of 768 million USD per annum and this covers 77% of the total export earnings. The demand for fuel will increase when .00 42,489,040.00 100.00 51,632,696.00 100.00 18,017,588.00 .00 24,205,566.00 100.00 54,844,571.00 100.00 33,523,013 the economic growth of the nation increases. In order to ensure the country"s continued development program and the national fuel security, it is important to increase fuel utilization and substituting the demand for locally produced fuels such as biofuel (MoME, 2007) . Based on the suitability analysis of the biofuel feedstock considered, the country has huge potential for generating biofuel energy. With an estimated average yield of feedstock per hectare, the country can produce a total of 355.44 and 225.09 billion liters of biodiesels and bioethanols on HS lands alone, respectively. This is equivalent to 53 billion USD. The amount of average production per hectare and prices of the selected biodiesel and bioethanol feedstock"s are presented in Table 5 . The amount of earning from biofuel can also increase by planting on MoS and MaS area as well as planting the margins of croplands; the biofuels serving as fences. Overall, the production would count towards reducing the amount of fuel the country imports. It also promotes the CRGE strategies of the country without affecting food security.
As the country is also striving for creating conducive environment for local and international investors, it would be a source of foreign currency through direct foreign investment in addition to playing a role in creating job opportunities for the local people.
Conclusion
Ethiopia has a huge potential for biofuel development. Given the country"s conducive agro-ecology, availability of ample suitable sites and cheap labor force for biofuel production, part of the fuel energy needs of the country can be satisfied by domestic biofuel production in addition to its potential for export earnings.
